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ORIGINAL ARTICLE
p14ARF inhibits the growth of lung adenocarcinoma cells
harbouring an EGFR L858R mutation by activating a
STAT3-dependent pro-apoptotic signalling pathway
P Ozenne1,2, D Dayde1,2, E Brambilla1,2, B Eymin1,2 and S Gazzeri1,2
Epidermal growth factor receptor (EGFR) stimulates proliferative and survival signals. Activating mutations of EGFR are involved
in the aetiology and maintenance of the malignant phenotype of lung tumours. We previously described the frequent
association of these mutations with the decreased expression of the p14ARF tumour suppressor, another common feature of
lung cancer. Based on these data, we postulated that p14ARF could protect cells against untimely or excessive mitotic signals
induced by mutant EGFR. In this study, we demonstrate that p14ARF promotes apoptosis in lung tumour cells harbouring the
EGFR L858R mutation through the accumulation of phosphorylated signal transducer and activator of transcription 3 (STAT3) on
Tyr 705 residue, which leads to Bcl-2 downregulation. Using siRNA against PTP-RT, the phosphatase that specifically targets Tyr
705 residue, we show that accumulation of pSTAT3-Tyr705 promotes EGFR L858R mutant cell death, thereby confirming the
existence of a STAT3-dependent pro-apoptotic pathway in these cells. Finally, we show that the expression of the EGFR L858R
mutant represses p14ARF expression and inhibits STAT3/Bcl-2 signalling. These results identify a novel link between the p14ARF
and EGFR pathways and suggest that EGFR L858R counteracts the pro-apoptotic function of p14ARF by downregulating its
expression to promote carcinogenesis.
Oncogene (2013) 32, 1050--1058; doi:10.1038/onc.2012.107; published online 26 March 2012
Keywords: p14ARF; mutant EGFR; STAT3; apoptosis; lung cancer
INTRODUCTION
Epidermal growth factor receptor (EGFR) is a membrane-bound
receptor tyrosine kinase that belongs to the ErbB subfamily.1 Upon
ligand binding, EGFR initiates activation of a series of cellular
signal transduction pathways that regulate proliferation and
survival.2 - 4 In agreement with an oncogenic role of EGFR,
increased levels of EGFR gene expression are observed in a
variety of human cancers, including carcinoma of the lung, in
which EGFR overexpression is correlated with a poor prognosis.5 - 8
Somatic-activating mutations in the tyrosine kinase domain of
EGFR are also observed in lung adenocarcinomas and are
associated with a high likelihood of clinical response to treatment
with EGFR tyrosine kinase inhibitors.9 - 11 Most lung adenocarcinoma-
associated somatic mutations are represented by the in-frame
deletion of amino acids 47--750 in exon 19 (Del19) and the
missense substitution L858R in exon 21 (L858R).12 These kinase
domain mutations in EGFR are generally referred to as activating
mutations, as they result in the increased activity of the receptor,
leading to the hyperactivation of downstream pro-survival path-
ways (PI3K/AKT, STAT) and oncogenic transformation (RAS/
MAPK).13 - 15 Signal transducer and activator of transcription 3
(STAT3) is a transcription factor that is important in mediating the
pro-survival effects of mutant EGFR.2 STAT3 becomes activated
through the phosphorylation of tyrosine residue 705 by Janus
kinases in response to cytokine signalling or by receptors with
intrinsic tyrosine kinase activity, such as EGFR.16 Phosphorylation
results in dimerisation and translocation of STAT3 to the nucleus,
where it activates transcription of a wide variety of genes involved
in cell growth and survival.17 - 19 STAT3 is transiently activated in
normal cells but is constitutively activated in lung adenocarcinoma
cells expressing activating mutant EGFR.20,21
The p14ARF protein (p14ARF in humans and p19ARF in mice) is
encoded in the INK4a/ARF locus, together with p16INK4a.22 p14ARF
is a nuclear protein with tumour suppressor activity and is a key
component of major signalling pathways that are responsible for
restraining abnormal cell growth and for maintaining genomic
stability in response to DNA damage and oncogenic stress.23
p14ARF is a key activator of the p53 pathway (Sharpless NE Mutat
Res 2005). p14ARF also displays inhibitory cell growth control
independently of p53.23,24 Therefore, p14ARF is a critical compo-
nent of tumour surveillance and has a strong protective role
against lung cancer development.25 It has been shown that p14ARF
expression is frequently downregulated in human lung cancer,
especially in small cell lung cancer and lung adenocarcinoma.26 - 28
More recently, we observed that nearly all lung adenocarcinoma
with EGFR L858R- or Del 19-activating mutations have low or
undetectable levels of p14ARF protein,29 suggesting that p14ARF
could be part of a failsafe mechanism protecting cells against
untimely or excessive mitotic signals induced by EGFR signalling.
In agreement with such a role, we report here that p14ARF inhibits
the proliferation of EGFR L858R mutant cells by inducing cell
death. This process involves the activation of a STAT3-dependent
pro-apoptotic signalling pathway aimed at restraining the
expression of Bcl-2. Furthermore, we show that EGFR L858R
inhibits p14ARF expression and in this way counteracts the
pro-apoptotic p14ARF/STAT3 pathway. These results provide the
Received 26 June 2011; revised 24 January 2012; accepted 3 February 2012; published online 26 March 2012
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first evidence of cross talk between the p14ARF and mutant EGFR
pathways.
RESULTS
Expression of p14ARF promotes apoptosis in EGFR L858R
mutant cells
To study the existence of a potential interplay between p14ARF
and EGFR, we first performed a western blot analysis of p14ARF
expression in a panel of lung cancer cell lines with different EGFR/
Her2 status. As illustrated in Figure 1a, a strong variation of p14ARF
expression levels was observed among the cell lines. However,
and in agreement with our previous findings in lung primary
tumours,29 a low level of p14ARF was more frequently observed in
cell lines with mutant EGFR. To investigate the relationships
linking p14ARF and mutant EGFR, we choose two representative
cell lines carrying the EGFR L858R mutation and expressing low
level of p14ARF, the H1975 and H3255 cell lines. H1975 cells were
transfected with an expression vector encoding the human p14ARF
protein and stained with trypan blue to evaluate cell number. As
H1975 cells are difficult to transfect, they were selected with
geneticin (G418) in the culture medium for 6 days before staining.
We observed a 60% decrease in cell number upon p14ARF
transfection compared with the cells transfected with a control
empty vector (Figure 1b). Cell cycle profiling of p14ARF-transfected
cells failed to detect any significant changes in G1/S/G2 phase
distribution (data not shown). In contrast, active caspase3 staining
in p14ARF-transfected cells clearly revealed apoptosis 72 h
post-transfection (Figure 1c). Although H1975 cells express a very
low level of p14ARF, its depletion using specific siRNA promoted
the proliferation of EGFR L858R mutant cells compared to control
mismatch siRNA (Figure 1d). Similar results were obtained in
H3255 cells (Supplementary Figure S1). These results indicate that
p14ARF inhibits the proliferation of EGFR L858R mutant cells by
inducing apoptosis.
p14ARF-mediated apoptosis involves the accumulation
of pSTAT3-Y705
PI3K/Akt, Jak/STAT and MEK/ERK are key signal transduction
pathways activated by EGFR.2 Therefore, we studied the status of
AKT, STAT3/5 and ERK proteins in response to p14ARF. H1975 cells
were transfected with either control or p14ARF encoding expres-
sion vectors, and western blot analyses were performed after 6
days of G418 selection. We observed that the expression of p14ARF
was associated with the accumulation of phosphorylated STAT3 at
residue Y705 (pSTAT3-Y705) (Figure 2a). In contrast, no apparent
modification of STAT5, AKT or ERK status was found in the same
conditions. To add further evidence that p14ARF promotes the
accumulation of pSTAT3-Y705, H1975 cells were transiently
transfected with an empty vector or with a p14ARF encoding
vector, and 48 h post-transfection the expression level of
phosphorylated STAT3 was evaluated by pSTAT3-Y705 staining
in p14ARF-transfected cells followed by FACS analysis. Again, a
higher level of pSTAT3-Y705 was found in p14ARF-transfected cells
compared with the control-transfected cells (Figure 2b). Con-
versely, a strong downregulation of pSTAT3-Y705 expression was
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Figure 1. p14ARF inhibits the growth of EGFR L858R mutant cells by inducing apoptosis. (a) Western blot analysis of p14ARF expression in cell
lines with different EGFR/HER2 status. Tubulin was used as a loading control. (b) H1975 cells were transfected with either control (Ctl) or
p14ARF encoding vector and subjected to G418 selection for 6 days. Cell number was evaluated after trypan blue staining. Expression of
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observed when H1975 cells were deprived of p14ARF by siRNA
treatment (Figure 2c). Similar accumulation of pSTAT3-Y705 by
p14ARF was found when using the H3255 model (Supplementary
Figure S2). When activated by tyrosine kinase signals, pSTAT3
accumulates in the nucleus to regulate gene expression.19 Using
immunofluorescence staining, we observed that the transfection
of p14ARF induced the nuclear accumulation of pSTAT3-Y705
(Figure 2d). To analyse whether accumulation of pSTAT3-Y705
was indeed involved in p14ARF-mediated apoptosis, we neutra-
lised the STAT3 pathway by treating H1975 cells transfected with
either control or p14ARF expression vector with the specific STAT3
pharmacological inhibitor cucurbitacin I. Cucurbitacin I strongly
inhibited STAT3 phosphorylation in these cells (Figure 2e lower
panel) and more importantly prevented apoptosis in p14ARF-
transfected cells compared to non-treated cells (Figure 2e upper
panel). Of note, a slight downregulation of STAT3 expression was
found in the presence of cucurbitacin I in agreement with
autoregulation of the STAT3 gene.30,31 Furthermore, decreased
p14ARF expression protein levels were reproducibly observed in
response to cucurbitacin I, suggesting the existence of a positive
feedback loop between p14ARF and STAT3. We concluded that the
activation of STAT3 is critical for p14ARF-mediated apoptosis in
EGFR mutant L858R cells. As these data implied that pSTAT3-Y705
promotes apoptosis in our L858R mutant models, H1975 and
H3255 cells were transfected with siRNA against PTP-RT, a
phosphatase that specifically dephosphorylates STAT3 on Tyr
705.32 As illustrated, silencing PTP-RT resulted in the accumulation
of pSTAT3-Y705 (Figure 3a) and strongly promoted cell death, as
measured by caspase 3 cleavage (Figures 3a and b). Importantly,
treating PTP-RT knockdown cells with cucurbitacin I significantly
prevented the induction of apoptosis, thereby demonstrating that
pSTAT3-Y705 is the main target of PTP-RT in that case (Figure 3c).
Altogether, these data support the idea that STAT3 activates an
intrinsic pro-apoptotic signalling pathway in lung tumour cells
harbouring the EGFR L858R mutation and indicate that p14ARF
activates this pathway.
The pro-apoptotic p14ARF/STAT3 signalling pathway targets Bcl-2
Phosphorylation at tyrosine 705 is critical for the activation of
STAT3 signal transduction.19 Numerous STAT3 target genes have
been identified and include regulators of apoptosis such as Bcl-xL,
Bcl-2 and Bax.21,33 In our cellular models expressing mutant EGFR
L858R, inhibiting STAT3 expression (Figure 4a) or phosphorylation
(Figure 4b) using specific siRNA and cucurbitacin I, respectively,
induced the accumulation of the anti-apoptotic Bcl-2 protein.
Conversely, stimulating pSTAT3-Y705 accumulation through neu-
tralisation of PTP-RT (Figure 4c) led to a Bcl-2 downregulation. In
contrast, expression of Bax and Bcl-xL did not change. Together,
these results indicate that the STAT3-dependent pro-apoptotic
pathway involves downregulation of Bcl-2 expression in EGFR
L858R cells. In agreement with these data, transfecting cells with a
p14ARF expression vector induced a clear downregulation of Bcl-2,
whereas p14ARF knockdown promoted Bcl-2 accumulation
(Figure 4d and Supplementary Figure S2). In both cases, a
significant deregulation of Bcl-2 transcripts was also observed
(data not shown). In addition, treating cells with cucurbitacin I
prevented the downregulation of Bcl-2 induced by p14ARF
(Figure 4e). Overall, these data identified Bcl-2 as an important target
of the STAT3-dependent pro-apoptotic signalling pathway in EGFR
L858R cells and indicated that p14ARF triggers STAT3-dependent
downregulation of Bcl-2 expression.
The EGFR L858R mutant downregulates p14ARF expression and
counteracts the p14ARF/STAT3 pro-apoptotic pathway
We previously observed that p14ARF levels are very low in human
lung tumours with activating mutant EGFR,29 as well as in the
H1975 and H3255 lung tumour cell lines (Figure 1a). Therefore, we
postulated that the EGFR L858R mutant might inhibit p14ARF
expression to counteract its pro-apoptotic function. We first
transfected H1299 lung adenocarcinoma cells with a plasmid
encoding the EGFR L858R mutant and analysed the expression of
endogenous p14ARF either by immunofluorescence staining 2 days
post-transfection (Figure 5a) or by western blotting after 6 days of
G418 selection (Figure 5b). In both situations, a significant
downregulation of p14ARF protein was observed in cells expres-
sing the EGFR L858R mutant. Conversely, silencing EGFR L858R in
both H1975 and H3255 cells induced the accumulation of p14ARF
(Figure 5c). In order to confirm the effect of activated EGFR on
p14ARF expression, we used the H1719 cell line that expresses
wild-type EGFR. Treating cells with EGF induced accumulation of
phosphorylated EGFR (Figure 5d, lower panel) and more
importantly strongly downregulated p14ARF expression (Figure 5d
upper panel). Altogether, these results demonstrate that activating
EGFR either through mutation or after ligand binding negatively
controls p14ARF expression. Finally, we investigated the con-
sequences of p14ARF modulation in response to EGFR activation.
Consistent with the hypothesis that EGFR L858R represses the pro-
apoptotic p14ARF/STAT3/Bcl-2 signalling pathway, the downregu-
lation of p14ARF expression following transfection of H1299 cells
with EGFR L858R expression vector was accompanied by reduced
levels of pSTAT3-Y705 as well as an upregulation of Bcl-2
expression (Figure 6a). Conversely, accumulation of pSTAT3-Y705
and downregulation of Bcl-2 were observed in EGFR L858R-
depleted cells (Figure 6b) and correlated with an induction of
apoptosis (Figure 6c) and inhibition of cell proliferation
(Figure 6d). Importantly, silencing p14ARF rescued EGFR L858R
knockdown cells from pSTAT3-Y705 accumulation and Bcl-2
downregulation (Figure 6b), from induction of apoptosis (Figure 6c)
and from inhibition of cell proliferation (Figure 6d). These results
demonstrate that the EGFR L858R mutant counteracts the p14ARF/
STAT3/Bcl-2-dependent pro-apoptotic signalling pathway by a
mechanism involving the downregulation of p14ARF
DISCUSSION
Somatic-activating mutations in the tyrosine kinase domain of
EGFR are involved in the aetiology and maintenance of lung
tumours through constitutive activation of AKT and STAT survival
pathways. Recently, reduced levels of p14ARF were observed in
almost all lung tumours harbouring activating mutant EGFR,
suggesting a role for the p14ARF tumour suppressor in the control
of mutant EGFR signalling. Here, we demonstrate that p14ARF is a
potent growth inhibitor of lung tumour cells expressing the EGFR
L858R-activating mutation and promotes cell death by activating a
pro-apoptotic STAT3 pathway. In addition, we show that the EGFR
L858R mutant counteracts the anti-proliferative function of p14ARF
by repressing its expression and STAT3-dependent pro-apoptotic
signalling. These results identify a novel cross talk between the
p14ARF and EGFR pathways and suggest that inactivation of p14ARF
cooperates with activated EGFR to promote lung tumourigenesis.
We show that transient expression of p14ARF induces apoptosis
in EGFR L858R mutant cells and that STAT3 is an important factor
in signalling p14ARF-mediated cell death. STAT3 activation has
been associated with proliferation, survival and cellular transfor-
mation. However, there are a number of examples where
activated STAT3 appears to have a role in the differentiation and
in promoting apoptosis.34 - 37 In one such example, STAT3
activation has an established pro-apoptotic role during involution
of the mammary gland.37 In this study, we show that blocking
STAT3 activation prevents ARF-mediated apoptosis. This suggests
that a pro-apoptotic STAT3 signalling pathway contributes to
growth inhibition of EGFR L858R mutant cells by p14ARF. In
addition, we demonstrate that activated pSTAT3-Y705 accumu-
lates in p14ARF-transfected cells and promotes the downregulation
of Bcl-2 expression. These results suggest that p14ARF represses
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the transcriptional activity of STAT3 towards Bcl-2. It has been
reported that Tip60 controls the transcriptional activity of STAT3.38
Moreover, we previously reported that p14ARF interacts with Tip60
and controls its ability to regulate gene expression.39 It is tempting to
speculate that Tip60 has a role in STAT3-mediated repression of Bcl-2
expression by p14ARF. Interestingly, depleting Tip60 using siRNA in
H1975 cells resulted in the deregulation of pSTAT3-Y705 and Bcl-2
expression (data not shown). Further experiments are required to
decipher the mechanisms involved in the control of STAT3 activity
by Tip60 and to address the role of p14ARF in this context.
Constitutive activation of AKT and STAT survival pathways
correlates with oncogenic activity of mutant EGFRs.13,15 In this
respect, mutant EGFRs have been reported to mediate indirect
activation of a proliferative IL-6/gp130/JAK/STAT3 pathway, and
high levels of activated STAT3 are observed in lung adenocarci-
noma harbouring activating mutations of EGFR.40 Conversely,
expression of mutant EGFRs appears essential for suppression of
pro-apoptotic signals in lung cancers harbouring these mutations,
as their neutralisation results in rapid apoptosis.13,15 However, the
mechanisms and targets involved in this process are largely
unknown. In this study, we show that a STAT3-dependent
signalling pathway has a role in promoting apoptosis in EGFR
L858R mutant cells and that the p14ARF tumour suppressor
activates this pathway. We also provide evidence that the EGFR
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Figure 3. Existence of intrinsic STAT3-dependent pro-apoptotic signalling in EGFR L858R cells. H1975 and H3255 cells were transfected for 72 h
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L858R mutant downregulates p14ARF expression and therefore
inhibits this STAT3-dependent pro-apoptotic signalling. These
data indicate that p14ARF is part of a failsafe mechanism protecting
cells against untimely or excessive mitotic signals induced by
EGFR L858R signalling and that inactivation of the ARF/STAT3 pro-
apoptotic pathway contributes to mutant EGFR L858R depen-
dence. This could explain the high frequency of decreased p14ARF
expression in tumours harbouring an L858R mutation in the EGFR
kinase domain.29 Interestingly, our results strongly suggest that
STAT3 positively regulates p14ARF expression identifying a positive
feed-back loop between both proteins. Further experiments are
required to elucidate whether STAT3 has a role in the control of
p14ARF expression by the EGFR L858R mutant.
Identifying the regulatory pathways that affect the oncogenic
potential of mutant EGFRs could contribute to the development of
targeted therapies in the treatment of lung cancer. We
demonstrate that p14ARF promotes apoptosis of cells harbouring
the EGFR L858R mutation by inducing a STAT3/Bcl-2 pro-apoptotic
pathway. Interestingly, these data are also observed in the H1975
cell line that carries a T790M drug resistant mutation in addition to
the exon 21 substitution mutation. Therefore, manipulation of the
p14ARF/STAT3 pathway might provide an additional therapeutic
strategy in conjunction with EGFR-TKI and BH3 mimetics to
enhance the death of cells that depend upon mutant EGFR-L858R
signalling for survival, but also to overcome resistance of
T790M-containing tumours.
MATERIALS AND METHODS
Cell lines, treatments, plasmids and transfection
Calu3, A549, H358, H1299, HCC1719, H1975, H3255, H1650 and HCC827
cell lines were derived from human lung adenocarcinoma. HBECK3KT cells
were immortalised human bronchial epithelial cells. Calu3, A549, H1299,
H358 and HCC1719 cells carry a wild-type EGFR, H1975 and H3255 cells
harbour a missense substitution L858R in exon 21, and H1650 and HCC827
have an E746_A750 deletion in exon 19. H1975 cells also carry a T790M
mutation. All cell lines were cultured in 5% CO2 at 37 1C in RPMI-1640
medium (GIBCO, Cergy Pontoise, France). Transient transfections were carried
out using JetPEI (Ozyme, Saint Quentin Yvelines, France) according to the
manufacturer’s instructions. In the growth suppression assay and associated
western blot analyses, G418 (Geneticin, PAA, Pashing, Austria) was added
to the media 48h post-transfection and cells were maintained for 6 days to
select vector-transfected clones. Trypan blue excluding cells were counted
and total protein extracts were performed for western blot analyses.
Plasmids used in transient transfections were pcDNA3.1 (used as a control),
pcDNA3.1-p14ARF and pcDNA3.1-EGFR-L858R. Treatment with 2mM cucur-
bitacin I (sc-203010, Santa Cruz, TEBU, Le Perray en Yvelines, France) was
carried out for 24h. For EGF treatment, cells were incubated in serum-free
medium for 24h. After medium change, EGF (50 ng/ml) was added for 24h.
Transfection of siRNA oligonucleotides
The sequences designed to specifically target human p14ARF PTP-RT and
EGFR RNAs were as follows: p14ARF, 50-GAACAUGGUGCGCAGGUUCTT-30 ;
Bcl-2
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PTP-RT, 50-GGAGGAGCCACUUCAGAAGUCACGG-30 ; and EGFR, 50-CUCUG
GAGGAAAAGAAAAGAAAGU-30 . STAT3 siRNAs were purchased from
Invitrogen (Cergy Pontoise, France). For all interference experiments,
the mismatch siRNA oligonucleotide used as a control was 50-UCGGCU
CUUACGCAUUCAA-30 . Cells were transfected with siRNA oligonucleotide
duplexes using Oligofectamine reagent according to the manufacturer’s
instructions (Invitrogen). The cells were analysed 72 h post-transfection.
Western blot experiments and antibodies
Immunoblotting was performed using whole-cell extracts prepared in RIPA
buffer, as described previously.25 The anti-EGFR, anti-HER2/ErbB2 (M45),
anti-STAT3 (79D7), anti-pSTAT3-Y705 (D3A7), anti-STAT5 (3H7), anti-
pSTAT5-Y694, anti-AKT (C67E7), anti-pAKT-S473, anti-ERK1/2, anti-pERK1/
2-Y202/204 (E10) and anti-cleaved caspase3 (Asp175) antibodies were
purchased from Cell Signalling (Ozyme, Saint Quentin Yvelines, France).
The anti-Bcl-2 (C-2), anti-Bcl-xL (H62), anti-Bax (N20) and anti-tubulin (B5-1-2)
antibodies were purchased from Santa Cruz. The anti-p14ARF (Ab1)
antibody was from Calbiochem (VWR, Fontenay-sous-Bois, France) and
the anti-Actin antibody was purchased from Sigma (Saint Quentin Fallavier,
France).
Indirect immunofluorescence
For immunolocalisation studies, cells were fixed with 2% paraformalde-
hyde in PBS for 10min at room temperature, washed once with PBS and
permeabilised with 0.1% Triton X-100 in PBS for 10min. Blocking was
performed for 45min in 5% BSA and incubation with anti-p14ARF (Ab2)
antibody from Calbiochem or anti-STAT3-Y705 (D3A7) antibody from Cell
Signalling was carried out overnight at 4 1C in a humid chamber. Cells
were then incubated for 45min with Alexa 488 or Alexa 568, mounted
in a solution containing 4,6-diamino-2-phenylindole (Vectashield,
Clinisciences, Montrouge, France) and visualised using an Olympus BX41
microscope. For evaluation of phosphorylated STAT3 expression, cells
were fixed with 0.5% paraformaldehyde in PBS for 5min on ice, washed
three times with PBS and permeabilised with 0.1% Triton X-100 in
PBS for 5min at room temperature. Blocking was performed for 30min
in 5% BSA at room temperature and incubation with anti-p14ARF
(Ab2) antibody from Calbiochem and anti-STAT3-Y705 (D3A7) antibody
from Cell Signalling was carried out in 1% BSA in PBS for 1 h. Cells were
then incubated for 30min with Alexa 488 or Alexa 568. After being
washed with PBS, cells were resuspended in PBS and subjected to flow
cytometric analysis using a FACScan flow cytometer (BD Biosciences,
Le Pont de Claix, France). pSTAT3-Y705 staining was assessed on p14ARF
stained cells.
Quantitative RT--PCR analysis
Total RNA was extracted using the RNeasy Mini Kit (Qiagen, Courtaboeuf,
France) and subjected to quantitative RT-PCR, as described previously.41
The primers used for mRNA amplification were as follows: PTP-RT forward:
50-GGTTGCTAATCTGGGCAAGT-30 ; PTP-RT reverse: 50-CTGAGCTCTGTCCAC
CACAA-30 ; GAPDH forward: 50-CGAGATCCCTCCAAAATCAA-30 ; GAPDH
reverse: 50-ATCCACAGTCTTCTGGGTGG-30 . Amplification of GAPDH was
performed in all experiments and used as a reference gene. Relative gene
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EGFR L858R expression vector. Expression of p14ARF (green) and EGFR L858R (red) was analysed by immunofluorescence using anti-p14ARF and
anti-phospho EGFR antibodies, respectively. DAPI (blue) was used to counterstain nuclei. (b) H1299 cells were transfected with either control
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expression was calculated for each sample as the ratio of target gene
mRNA copy number to GAPDH mRNA copy number.
Apoptosis analysis
Induced apoptosis following neutralisation of EGFR was studied on a total
cell population using the PE-conjugated monoclonal active caspase 3
antibody apoptosis kit (BD Biosciences, Pharmingen) according to the
manufacturer’s protocol. For the study of apoptosis following ARF
transfection, a modified protocol was applied, allowing analysis of cells
costained with ARF and active caspase 3 antibodies. In brief, cells were
fixed with 0.5% paraformaldehyde for 5min at 4 1C and subsequently
permeabilised with 0.1% Triton X-100 in PBS for 5min. Cells were blocked
with 5% BSA for 30min at room temperature. Cells were then incubated
for 1 h with anti-p14ARF antibody (Ab2, Calbiochem) in 1% BSA in PBS,
washed twice with PBS and incubated for an additional 1 h with Alexa 488
and PE-conjugated active caspase 3 antibody (BD Biosciences, Pharmingen).
After being washed with PBS, cells were resuspended in PBS and subjected
to flow cytometric analysis using a FACScan flow cytometer (BD
Biosciences). Active caspase 3 staining was assessed on ARF stained cells.
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Abstract 
Epidermal growth factor receptor (EGFR) is a membrane-bound receptor that plays an 
essential role in cell proliferation and survival. Aberrant expression or activity of EGFR 
contributes to tumor progression in many human cancers. We recently identified a functional 
link between EGFR and the p14ARF tumor suppressor, and showed that activated EGFR 
inhibits p14ARF expression to counteract its pro-apoptotic functions in lung tumor models. In 
this study we examined the molecular mechanism of ARF repression by EGFR. We report 
that EGFR inhibits the expression of ARF at a transcriptionnal level by a mechanism 
involving the class III PI3K Vps34. We also find that a nuclear signalisation of EGFR 
controls expression of ARF transcripts and show that the class III PI3K Vps34 is required for 
nuclear trafficking and binding of EGFR to the ARF promoter in response to ligand 
activation. Inhibition of class III PI3K Vps34 activity using wortmanin in lung tumor models 
with activated mutant EGFR decreases nuclear level of EGFR and causes p14ARF 
accumulation leading to cell growth inhibition through apoptosis induction. These data 
suggest that a class III PI3K Vps34-dependent nuclear signalisation of EGFR plays a role in 
lung carcinogenesis through inhibition of ARF expression. 
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Introduction 
Epidermal growth factor receptor (EGFR) belongs to a large family of membrane-
bound receptor tyrosine kinases that plays key roles in essential cellular functions including 
proliferation and migration. Under growth factor stimulation, EGFR homo- or 
heterodimerizes, activates intrinsic tyrosine kinase activity and stimulates several signaling 
pathways including the PI3K/AKT, RAS/MAPK and STATs pathways (1-4). Increased 
EGFR activation and overexpression is strongly associated with tumorigenesis and cancer 
progression making EGFR an attractive target for cancer therapies. In lung cancer, oncogenic 
mutations inside the tyrosine kinase domain of EGFR have been reported to confer tumor cell 
dependence on EGFR-mediated pro-survival signalling, and high susceptibility to apoptosis 
induced by EGFR tyrosine kinase inhibitors (EGFR-TKI, Gefitinib)(5-7). In addition to its 
position in the activation of traditional signaling cascades at the plasma membrane, numerous 
evidences now indicate a novel signaling pathway involving a nuclear transit of EGFR (8-10). 
Nuclear EGFR is involved in several biological functions, including DNA replication, DNA 
repair, and transcriptional regulation (11). The nuclear presence of EGFR is associated with 
high grade tumors including lung cancer (10, 12) as well as with the development of 
resistance to some radio-, chemo- and anti-EGFR therapies (13-15).   
ARF tumor suppressor (p14ARF in humans, p19ARF in mice) is encoded by the 
Ink4/Arf locus which also houses the cyclin-dependent kinase inhibitor p16INK4a. Due to 
splicing events, separate promoters, and unique first exons, the two proteins share no 
homology and have distinct functions (16, 17). ARF is a key activator of the p53 pathway but 
displays also inhibitory cell growth properties independently of p53 (18, 19). ARF is also 
involved in the maintenance of genomic stability in response to DNA damage and oncogenic 
stress and its expression is a major break to lung cancer development . We recently 
identified a direct molecular cross-talk between EGFR and ARF signaling pathways and 
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showed that p14ARF inhibits the growth of lung tumor cells with activated EGFR by 
inducing apoptosis. In turn, EGFR inhibits p14ARF expression and counteracts its pro-
apoptotic function (21). The aim of this study was to decipher the molecular mechanisms of 
p14ARF inhibition by activated EGFR. We demonstrate that EGF stimulation results in 
transcriptional inhibition of ARF expression by a mechanism involving the nuclear 
translocation of EGFR. We also show that Class III PI3K Vps34 promotes nuclear trafficking 
and binding of EGFR to the ARF promoter. Inhibition of Class III PI3K Vps34 in lung tumor 
cells restrains nuclear EGFR trafficking and restores p14ARF expression and subsequent pro-
apoptotic signaling. These data highlight an original signalisation of EGFR directly in the 
nucleus that may contribute to lung cancer development through transcriptional control of 
ARF. 
 
 
Materials and Methods 
Cell culture and treatments 
HCC1719, HCC827 and H1975 cell lines (quindly provided by Pr A. Gazdar) were derived 
from human lung adenocarcinoma. HCC1719 cells carry a wild type EGFR, whereas HCC827 
harbour a LREA deletion in the exon 19 of EGFR and H1975 a missense substitution L858R 
in exon 21 of EGFR. All cells were maintained in RPMI-1640 + GlutaMAX medium 
supplemented with 10% foetal calf serum in a humidified incubator with 5% CO2 at 37°C.  
For growth factor stimulation, cells were incubated in serum-free medium for 24 hours and 
after medium change Rh-EGF (Eurobio, 50ng/mL
 
in HCC1719 cells and 100ng/mL
 
in 
HCC827 and H1975 cells) or rh-Amphiregulin (RetD, 50ng/ml) was added for 15 min or 24 
hours. Pharmacological inhibitors were added 30 min prior EGF stimulation. Brefeldin A was 
purchased from Sigma-Aldrich, Triciribin from Calbiochem, Gefitinib from AstraZeneca, 
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U0126 and LY294002 from Selleckchem, Cucurbitacin I and Wortmaninn from Santa Cruz 
and GDC0941 and MK2206 from Roche Diagnostics. 
 
Transfection of siRNA oligonucleotides 
The sequences designed to specifically target human EGFR, Vps34 and Importin 1 RNAs 
were as follows: EGFR, 5’-CUCUGGAGGAAAAGAAAGU-3’; Importin 1, 5’-
GGACUUAUGUACAGC-AUUU-3’; and Vps34, 5’-CCCAUGAGAUGUACUUGAACGU 
AAU-3’. For all interference experiments, the mismatch siRNA oligonucleotide used as a 
control was 5’-UCGGCUCUUACGCAUUCAA-3’. Cells were transfected with siRNA 
oligonucleotide duplexes using jetPrime reagent (Polyplus) according to the manufacturer’s 
protocol. The cells were analysed 72H post-transfection. 
 
Cellular fractionation 
Cells were pelleted and washed twice with PBS. Cells were resuspended in hypotonic buffer 
(10mM Tris-HCl pH7.5, 10mM KCl, 1.5mM MgCl2, 0.5mM dithiothréitol, 0.02M NaF, 1mM 
Na3VO4, 1X EDTA free Protease Inhibitor Cocktail purchased from Roche) for 20 minutes on 
ice. Then, cells were centrifugated at 2000 X g for 5 minutes and pellets were resuspended in 
hypotonic buffer + 2% NP-40. Homogenates were incubated for 15 minutes on ice and 
centrifugated at 3000 X g during 15 minutes. The resulting supernatant formed the non-
nuclear fraction. The nuclear pellets were washed four times with PBS, resuspended in RIPA 
buffer (50mM Tris-HCl pH7.5, 150mM NaCl, 0.5% Na deoxycholate, 1% NP-40, 0.1% SDS, 
0.02M NaF, 1mM Na3VO4, 1X EDTA free Protease Inhibitor Cocktail) and sonicated. 
Homogenates were centrifugated at 13,500 X g for 30 minutes, the resulting supernatant 
formed the nuclear fraction. Total proteins extracts was performed in RIPA buffer as 
described (21). 
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Antibodies 
The anti-EGFR (D38B1), anti-pEGFR (D7A5), anti-p14
ARF
 (4C6/4), anti-AKT, anti-pAKT 
(D9E), anti-ERK1/2 (137F5), anti-pERK1/2 (D13.14.4E), anti-STAT3 (79D7), anti-pSTAT3 
(D3A7), anti-Bcl-2, anti-cleaved caspase3 (Asp175) and anti-lamin B1 (D4Q4Z) antibodies 
were purchased from Cell Signaling. The anti- tubulin (B-5-1-2) and the anti-karyopherin 1 
antibodies were purchased from Santa-Cruz.  
 
RNA extraction, reverse transcription and real-time quantitative PCR analysis 
RNA was extracted using High Pure RNA isolation kit (Roche) according to the 
manufacturer’s protocol and subjected to Reverse Transcription using iScript RT supermix 
(Biorad). qPCR was performed with iTaq Universal SYBR Green Supermix (Biorad). The 
primers used for cDNA amplification were as follows: ARF S: 5’-
GCGCAGGTTCTTGGTGAC-3’; ARF AS: 5’-GGCTCCTCAGTAGCATCAGC-3’; Vps34 
S: 5’-AAGCAGTGCCTGTAGGAGGA-3’; Vps34 AS: 5’-TGTCGATGAGCTTTGGTGAG-
3’; GAPDH S: 5’-CGAGATCCCTCCAAAATCAA-3’; GAPDH AS: 5’-
ATCCACAGTCTTCTGGGTGG-3’. Amplification of GAPDH was performed in all 
experiments and used as reference gene. Relative gene expression was calculated for each 
sample as the ratio of target cDNA copy number to GAPDH cDNA copy number. The data 
represent the mean +/- SD of at least three independent experiments.  
 
Chromatin Immunoprecipitation assay 
Cells were crosslinked with 1% formaldehyde for 10 minutes and subsequently processed 
using the ChIP-IT
R
 Express kit (Active Motif) according to the manufacturer’s protocol. 
Immunoprecipitation was performed with either anti-EGFR antibody (Santa-Cruz) or rabbit 
IgG as a control at 4°C overnight. The immunoprecipitated complexes were purified using 
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Chromatin IP DNA Purification kit (Active Motif) and subjected to QPCR using specific 
primers to the ARF promoter which were sense 5’-GCGTGCAGCGGTTTAGTTTA-3’ and 
anti-sense 5’-CTCTATCCGCCAAT-CAGGAG-3’. Human Negative Control Primer Set 1 
(Active Motif) was used as negative control. Input DNA sample corresponding to 1% of 
immunoprecipitated chromatin was analysed in parallel in order to normalized the results of 
each ChIP DNA sample to the corresponding input DNA sample. EGFR enrichment on ARF 
promoter was calculated after adjustment of normalized ChIP fraction for the normalized 
background (IgG). 
 
Statistical analysis 
All statistical analyses were performed using a paired Student’s t-test. P < 0.1 was considered 
statistically significant (*P0.1, **P0.05, ***P0.01). 
 
 
Results 
 
EGFR inhibits the expression of the ARF transcript 
 
 To study how EGFR controls ARF expression, we used the H1719 lung 
adenocarcinoma cell line that expresses wild type EGFR. Cells were serum starved for 24 
hours and ARF expression was studied using western blot and RT/QPCR analyses after a 24 
hours EGF stimulation. In agreement with our previous data (21), the expression level of the 
p14ARF protein strongly decreased on EGF treatment (Figure 1A top). Interestingly, the 
downregulation of the p14ARF protein was accompagnied by a clear diminution of the 
transcripts expression level (Figure 1A bottom and supplementary Fig1). Similar results were 
obtained when cells were treated with Amphiregulin (Areg), another natural ligand for EGFR 
(Figure 1A), or when physiological concentrations of ligand were applied (Figure 1B). 
Conversely, neutralization of EGFR using specific small interfering RNA (siRNA) promoted 
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the accumulation of both the ARF transcript and protein (Figure 1C). In addition, inactivation 
of EGFR activity using Gefitinib rescued the expression of both ARF transcript and protein in 
response to EGF (Figure 1D). Similar control of ARF expression by EGFR was observed in 
other lung tumor models (Supplementary Fig 2). Taken together, these data demonstrate that 
EGFR inhibits the expression of ARF at a transcriptionnal level. 
 
Inhibition of ARF expression by EGFR involves Class III PI3K 
 Ligand binding activates the intrinsic tyrosine kinase activity of EGFR leading to the 
activation of several signaling pathways including the PI3K/AKT, RAS/MAPK and STATs 
pathways (2). As our results indicated that inhibition of the tyrosine kinase activity of EGFR 
prevents the downregulation of ARF expression in response to EGF, we addressed the role of 
EGF-activated downstream signalling pathways in this context. Serum starved H1719 cells 
were stimulated with EGF and studied for p14ARF expression in the presence or absence of 
various pharmacological inhibitors. We found that inhibition of the RAS/MAPK or STATs 
pathways using U0126 (Figure 2A) and cucurbitacin (Figure 2B) respectively did not affect 
the downregulation of p14ARF expression in response to EGF. In contrast, the PI3K/AKT 
inhibitor wortmanin rescued p14ARF expression in the same conditions (Fig 2C). These data 
suggested that PI3K/AKT signaling pathway contributes to the control of p14ARF expression 
by EGFR. To go further, we investigated the role of AKT. We pre-treated our cells with a 
specific AKT inhibitor triciribin and studied p14ARF expression following EGF stimulation. 
Surprisingly, inhibition of AKT did not prevent the downregulation of p14ARF expression by 
activated EGFR (Fig 2D). These results were confirmed with another specific AKT inhibitor, 
namely MK2206 (Supplementary Figure 3). Importantly, RT/QPCR studies of ARF mRNA 
expression confirmed our western blot results (Figure 2E). Altogether, these data suggested 
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that a PI3K-dependent AKT-independent pathway is involved in the control of ARF 
expression by EGFR. 
The family of PI3K enzymes comprises three different classes, I, II and III. The PI3K 
inhibitors Wortmamin and LY294002 are potent inhibitors of class I and III PI3K. The class I 
PI3K is activated downstream of receptor tyrosine kinases such as EGFR and stimulates the 
AKT signaling pathway. As expected, treating cells with the class I selective PI3K inhibitor 
GDC-0941 prevented activation of AKT. Furthermore and in agreement with our previous 
data (Figure 2D), this did not prevent p14ARF inhibition in response to EGF (Figure 3A). The 
Vacuolar sorting protein 34 (VPS34) is the primordial member of the class III PI3K. Because 
of the lack of specific inhibitors of human Vps34, we used siRNA to adress the putative role 
of Vps34 in the control of ARF expression by EGFR. Neutralisation of Vps34 expression was 
clearly observed when H1719 cells were transfected with siRNA against Vps34 (Figure 3B 
bottom). Furthermore, an important rescue of p14ARF expression was observed when Vps34 
was knock-down (Figure 3B). Importantly, this was accompagnied by a significant 
upregulation of ARF transcript (Figure 3C). As a whole these results indicated that EGFR 
inhibits ARF expression by a mechanism involving the class III PI3K Vps34. 
 
Class III PI3K induces nuclear translocation of EGFR  
 Vps34 plays an essential role in the regulation of receptor endocytosis (ref), and stable 
knockdown of human Vps34 inhibits EGFR trafficking (22). It is known that endocytosed 
EGFR can be either recycled back to the membrane, or targeted for lysosomal degradation 
(23). It has also been shown that endocytosis and trafficking of EGFR-containing vesicles are 
involved in localisation of EGFR to the nucleus (8). Interestingly, a major function of nuclear 
EGFR is to act as a trancriptional co-factor to regulate gene expression (24). Based on these 
data, we postulated that a nuclear EGFR signalisation might control ARF expression. To 
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respond, we decided to disregulate the nuclear shuttling of EGFR in differents ways. 
Following ligand activation, EGFR can undergo nuclear tranlocalization by a mechanism 
involving receptor dimerization and internalization to endocytic vesicles, COPI-mediated 
retrograde translocation through the golgi apparatus to the endoplasmic reticulum, and 
transport from the outer to the inner nuclear membrane via interaction with importin β and the 
nuclear pore complex (8, 10, 25). It is known that Brefeldin A (BFA) blocks nuclear 
translocalization of RTK by promoting the disassembly of the COPI coat to the golgi (26). 
Serum-deprived H1719 cells were pre-treated with Brefeldin A and expression of nuclear 
EGFR and ARF transcript was studied following 15 min and 24 hours of EGF treatment 
respectively. As expected, BFA pretreatment inhibited the EGFR transport to the nucleus in 
response to EGF (Figure 4A). In these conditions, the downregulation of ARF expression was 
abolished at both the mRNA (Figure 4B) and protein (Figure 4A) levels. To confirm our 
results, we knocked down importin β1 expression using specific siRNA and then analyzed the 
expression of ARF transcripts following EGF treatment. Again, inhibition of EGFR nuclear 
transport following importin β1 knock-down was accompagnied by a significant upregulation 
of ARF mRNA and protein expression level (Supplementary Figure 4). These results strongly 
suggested that nuclear EGFR controlled ARF expression. To go further, we examined 
whether Vps34 might affect nuclear trafficking of EGFR in our cellular model. As shown in 
Figure 4C, neutralisation of Vps34 using specific siRNA prevented the nuclear translocation 
of EGFR following ligand binding. Furthermore and in agreement with a specific role of the 
class III PI3K Vps34 in the control of EGFR nuclear trafficking, similar results were obtained 
when cells were pre-incubated with the pan PI3K inhibitor wortmanin (Figure 4D), whereas 
neither triciribin (Figure 4E) nor GDC0941 (Figure 4F) pretreatment affected the nuclear 
translocation of EGFR in the same conditions. Of note and as expected, nuclear translocation 
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of the EGFR in response to EGF was not modified in the presence of inhibitors of the STAT3 
and RAS/MAPK signalling pathways (Supplementary Figure 5). 
 
Class III PI3K promotes the accumulation of EGFR to the ARF promoter 
As a transcription factor, the nuclear EGFR complex is known to target AT-rich 
minimal consensus sequences (24). Interestingly, sequence analysis revealed that the ARF 
promoter contains several ATRSs as putative EGFR-targeting sequences (Supplementary 
Figure 6). Therefore, we asked if nuclear translocation of EGFR by class III PI3K might 
control ARF transcription. To address this issue, we performed in vivo ChIP-qPCR assay 
using primers surrounding the 3 most proximal putative ATRSs of the ARF promoter (Figure 
5A). EGFR was precipitated with or without stimulation by EGF and pretreatment with 
wortmanin to inhibit class III PI3K Vps34 activity. HCC827 cells were used in this setting as 
they express high levels of nuclear EGFR (Supplementary Figure 6) and exhibit significant 
downregulation of ARF transcripts following EGF treatment (Supplementary Figure 2). As 
predicted, we observed a positive binding activity of nuclear EGFR to the ARF promoter in 
response to ligand stimulation (Figure 5B). In contrast, binding was not detected using 
irrelevant primers ensuring the specificity of the ChIP results. Importantly, accumulation of 
activated EGFR to the ARF promoter was downregulated when cells were pretreated with 
wortmanin indicating that class III PI3K Vps34 promotes ARF targeting by nuclear EGFR. 
 
Inhibition of Class III PI3K restores p14ARF expression and subsequent pro-apoptotic 
signaling in lung adenocarcinoma cells 
 Our results strongly suggested that class III PI3K Vps34 induces nuclear translocation 
of EGFR to inhibit p14ARF expression. We previously demonstrated that overexpression of 
p14ARF promotes apoptosis in lung tumor cells expressing wild type EGFR (20). More 
 12
recently we showed that, in lung adenocarcinoma cells carrying a mutant EGFR-L858R, 
p14ARF activates an unusual STAT3-dependent pro-apoptotic pathway leading to Bcl-2 
downregulation (21). Based on these studies and on our more recent data (this study), we 
speculated that inhibition of Class III PI3K/EGFR pathway might inhibit tumor growth 
through induction of the p14ARF/STAT3/Bcl-2 pro-apoptotic pathway. To adress this issue 
we treated lung tumor cells expressing activated mutant EGFR-L858R (H1975) with 
wortmanin for various times to inhibit class III PI3K Vps34 activity. As showed in Figure 6A 
and as expected, treating cells with wortmanin decreased nuclear expression of EGFR and 
induced the accumulation of the p14ARF protein. Furthermore and in agreement with our 
published data (21), accumulation of p14ARF was accompagnied by increased levels of 
pSTAT3-Y705, downregulation of Bcl-2 expression (Figure 6B), induction of apoptosis 
(Figure 6C) and inhibition of tumor growth (Figure 6D). These results strongly suggested that 
a Class III PI3K Vps34/EGFR nuclear pathway counteracts the pro-apoptotic functions of the 
p14ARF tumor suppressor.  
 
Discussion 
EGFR is known to initiate at the plasma membrane a network of intracellular 
signalling pathways that relay cell surface information to the nucleus and other intracellular 
compartments in the cell. In addition to its classical plasma membrane location, recent 
evidence indicates that EGFR is also able to translocate to the nucleus with a role in DNA 
replication, DNA repair and transcriptional regulation. Nuclear localisation of EGFR has been 
linked to various diseases including cancer and is associated with poor clinical outcome in 
several types of tumors including lung tumors (12). However, the molecular mechanisms and 
targets underlying the nuclear role of EGFR during tumorigenesis are largely unknown. The 
present study identifies a mechanism by which nuclear EGFR contributes to lung cancer 
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progression. We showed that class III PI3K Vps34 promotes the nuclear translocation of 
EGFR following ligand binding to repress ARF transcription and to inhibit apoptosis. 
The well-characterized trafficking of cell surface EGFR is routed, via endocytosis and 
endosomal sorting, to either the lysosomes for degradation or back to the plasma membrane 
for recycling. Furthermore, alternative fate for endocytosed activated EGFR includes 
translocation to the nucleus. Nuclear expression of EGFR has been reported to play a role in 
oncogenesis as it is associated with tumor aggressiveness and poor clinical outcome in 
various tumors (12, 27-29). However the molecular mechanisms underlying the nuclear 
trafficking of EGFR in this setting are largely unknown. In this study, we identified the Class 
III PI3K Vps34 as an important mediator of the nuclear transit of EGFR following ligand 
binding in lung tumor cell lines. Phosphorylation by AKT or PKC were previously reported to 
promote EGFR nuclear trafficking in treated breast and lung tumor models respectively (13, 
30). Collectively, these results indicate that mechanisms mediating EGFR nuclear 
translocation may vary according to the tumor type and/or the cellular stress. Class III PI3K 
play multiple roles in endocytic membrane trafficking. Interestingly, Vps34, which is the 
primordial class III PI3K was reported to be part of the retromer complex which is required 
for retrograde endosome-to-golgi transport in yeast (31). Retrograde trafficking is important 
for recycling of sorting receptors and several of its mechanisms have been conserved from 
lower to higher eukaryotes. It also plays a role in the nuclear transport of membrane receptors 
(9-11). We showed that neutralisation of hVps34 prevents EGFR nuclear trafficking 
following ligand binding. Therefore, our results suggest that Class III PI3K might influence 
the endosome-to-golgi sorting of RTK such as EGFR to allow nuclear transport. 
We demonstrated that EGFR inhibits the expression of ARF transcripts by a 
mechanism involving its nuclear translocation. Importantly, we reported that EGF stimulation 
induces the accumulation of EGFR to the ARF promoter. One important function of EGFR in 
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the nucleus is to function as a co-transcription factor to enhance transcription of tumor 
promoting genes such as cyclin D1, iNOS, COX-2, Aurora A and c-Myc (24, 32-35). Our 
results identified ARF as a new direct EGFR target and suggested for the first time that 
nuclear EGFR may repress transcription of a tumor suppressor gene. Several transcription 
factors and complexes including Polycom group (PcG) proteins have been reported to repress 
the Arf promoter (36). Most important and well-characterized Arf repressors include the 
BMI-1 and Pokemon proteins which aberrant overexpression have been reported to contribute 
to lung carcinogenesis (37-40). Interestingly, previous studies reported that activation of 
EGFR by ligand binding increases BMI-1 or Pokemon expression in head and neck and 
prostate cancer cells respectively (41, 42). We investigated the role of these two proteins in 
the transcriptional inhibition of ARF by EGFR in our lung tumor models. However, the 
results showed that downregulation of ARF mRNA following EGFR activation was 
maintained when expression of either BMI-1 or Pokemon genes was neutralized using 
specific siRNA, indicating that they are probably not involved (data not shown). Similar 
results were obtained when expression of other well-identified ARF repressors such as p53, 
E2F3b, Tbx2 and Tbx3 was knockdown (data not shown). The molecular mechanisms 
underlying transcriptional inhibition of ARF gene by nuclear EGFR is still under 
investigation. 
Understanding the molecular mechanisms regulating EGFR trafficking and the role 
that EGFR localization plays in the regulation of mitogenic signaling may improve our 
awareness of factors underlying tumorigenesis. In this study, we unraveled a new mechanism 
of lung cancer progression that involves a nuclear moving of EGFR to inhibit ARF 
transcription. As nuclear EGFR protein expression was recently associated with poor 
prognosis in lung cancer patients (12), our data provide the first molecular explanation to the 
biological significance of nuclear EGFR expression in this setting. Interestingly, accumulation 
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of EGFR in the nucleus has been reported as a resistance mechanism to Cetuximab in lung 
cancer models expressing wild-type EGFR (43). In this study we obtained data strongly 
suggesting that a Vps34/EGFR/ARF pathway contributes to the development of lung 
adenocarcinoma cells that harbor activating mutations in EGFR (Supplementary Figure 2 and 
Figure 5). It is thus tempting to speculate that abnormal EGFR traffic in the nucleus may also 
participate to the resistance of lung tumor patients to EGFR-TKI treatment. 
 
 
Figures legends 
 
Figure 1 EGFR inhibits the expression of ARF mRNA 
A, B H1719 cells were serun starved for 24 hours and treated with EGF or Areg at the 
indicated concentrations for 24 hours. Expression of ARF was studied by western blotting 
(Top) and by quantitative PCR (bottom). Tubulin was used as a loading control. QPCR data 
are represented as fold decrease relative to non treated cells which were arbitrarily assigned to 
1. Data represent the mean  s.d. of three independent experiments. C, H1719 cells were 
transfected with control (Ctl) or siRNA against EGFR for 72 hours. Protein expression was 
analysed by western blot using indicated antibodies. Expression of ARF transcript was 
studied by QPCR as described above. D, H1719 cells were serum starved for 24 hours and 
incubated with EGF (50ng/ml) for 24 hours. Gefitinib (5µM) was added 1 hour before EGF. 
Expression of indicated proteins was studied by western blotting on total protein extracts. 
Expression of ARF mRNA was studied by QPCR as previously reported.  
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Figure 2 PI3K controls inhibition of ARF expression by EGFR  
H1719 cells were serum deprived for 24 hours and pre-treated with U0126 (10µM), 
Cucurbitacin (5µM), Wortmaninn (0,1µM), LY294002 (10µM) or Triciribin (10µM) for 30 
min, then stimulated with EGF (50ng/ml) for 24 hours prior to total protein extraction or RNA 
purification. A, B, C, D, Expression of relevant protein was studied by western blotting using 
specific antibodies. Tubulin was used as a loading control. Quantification of p14ARF 
expression was performed using Image J software. A relative p14ARF/Tubulin ratio was 
determined and arbitrarily assigned to 1 in each condition. E, Expression of ARF mRNA was 
studied by QPCR. Data are represented as fold decrease relative to non EGF-treated cells 
which were arbitrarily assigned to 1 in each condition. Data represent the mean  s.d. of three 
independent experiments. 
 
Figure 3 Inhibition of ARF expression by EGFR involves Class III PI3K Vps34   
H1719 cells were serum deprived for 24 hours and pre-treated with GDC0941 (10µM) for 30 
min, then stimulated with EGF (50ng/ml) for 24 hours prior to total protein extraction. 
Expression of relevant protein was studied by western blotting using specific antibodies. 
Tubulin was used as a loading control. Quantification of p14ARF expression was performed 
using Image J software. A relative p14ARF/Tubulin ratio was determined and arbitrarily 
assigned to 1 in each condition. B, C H1719 cells were transfected with control (Ctl) or 
siRNA against Vps34 for 48h prior to EGF stimulation for an additional 24 hours. P14ARF 
expression was studied by western blotting and quantified relative to Tubulin expression 
using Image J as described above. Expression of ARF mRNA was studied by QPCR. Data are 
represented as fold decrease relative to non EGF-treated cells which were arbitrarily assigned 
to 1 in each condition. Data represent the mean  s.d. of three independent experiments. 
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Figure 4 Class III PI3K Vps34 controls nuclear translocation of EGFR  
A, B, H1719 cells were serum deprived for 24 hours and pre-treated with Brefeldin A 
(5µg/mL) for 30 min, then stimulated with EGF (50ng/ml) for 15 min or 24 hours. Total 
proteins were extracted and subjected to sub-cellular fractionation prior to western blot 
analysis. Lamin B was used as a loading control. Total RNA were extracted following a 24h 
EGF stimulation. Expression of ARF mRNA was studied by QPCR. Data are represented as 
fold decrease relative to non EGF-treated cells which were arbitrarily assigned to 1 in each 
condition. Data represent the mean ± s.d. of three independent experiments. C, D, H1719 cells 
were transfected with control (Ctl) or siRNA against Vps34 for 48h prior to EGF stimulation 
(50ng/ml) for an additional 15 min. Nuclear EGFR expression was studied by western 
blotting after subcellular fractionation. Neutralisation of Vps34 was studied by QPCR. Data 
are represented as fold decrease relative to non EGF-treated cells which were arbitrarily 
assigned to 1. E, F, G, H1719 cells were serum deprived for 24 hours and pre-treated with 
Wortmaninn (0,1µM), Triciribin (10µM) or GDC0941 (10µM) for 30 min, then stimulated 
with EGF (50ng/ml) for 15 min prior to total protein extraction and subcellular fractionnation. 
Expression of EGFR was studied on nuclear fraction. Lamin B was used as a loading control. 
 
Figure 5 Class III PI3K Vps34 induces accumulation of EGFR to the ARF promoter  
A, The DNA binding consensus sites of EGFR in ARF promoter are shown. B, H1719 cells 
were incubated for 30 min with wortmanin (1µM) prior to EGF stimulation for an additional 
24 hours. The binding of EGFR to ARF promoter was analyzed by chromatin 
immunoprecipitation (ChIP).  
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Figure 6 Inhibition of Class III PI3K increases p14ARF expression and pro-apoptotic 
signaling. H1975 cells were incubated for indicated times with wortmanin (0,5µM). A, B, 
Western blotting was performed on both nuclear and non nuclear protein extracts after 
subcellular fractionation. C, apoptosis was studied by Active caspase 3 staining which 
quantification was performed using Image J software. A relative Active C3/Tubulin ratio was 
determined and arbitrarily assigned to 1 in non treated cells. D, Cell number was evaluated 
after trypan blue staining. 
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Neutralisation of importinβ1 prevents p14ARF downregulation by EGF. A, B, Cells transfected
with control (Ctl) or siRNA against importin B1 for 48h prior to EGF stimulation (50ng/ml) for an
additional 15 min or 24 hours. Expression of ARF was studied by western blotting after subcellular
fractionation (A) and by QPCR (B). QPCR data are represented as fold decrease relative to non treated
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experiments.
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EGF. H1719 cells were serum starved for 24 hours and pre-incubated with U0126 (10µM) or
cucurbitacin (5µM) prior to EGF stimulation (50ng/ml) for an additional 15 min. Nuclear expression
of EGFR was studied by western blotting after subcellular fractionation.
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1013 aggaaagaggaagaagcgctcagatgctccgcggctgtcgtgaaggttaaaaccgaaaataaaaatgggctagacacaaaggactcggtgc
-924 ttgtcccagccaggcgccctcggcgacgcgggcagctgggaggggaatgggcgcccggacccagctgggacccccgggtgcgactccaccta
-833 cctagtccggcgccaggccgggtcgacagctccggcagcgccagcgccgcgccgtgtccagatgtcgcgtcagaggcgtgcagcggtttagttta
-736 atttcgcttgttttccaaatctagaagaggagcggagcggcttttagttcaaaactgacattcagcctcctgattggcggatagagcaatgagatga
-639 cctcgctttcctttcttcctttttcatttttaaataatctagtttgaagaatggaagactttcgacgaggggagccaggaataaaataaggggaatagg
-540 ggagcggggacgcgagcagcaccagaatccgcgggagcgcggctgttcctggtagggccgtgtcaggtgacggatgtagctagggggcgagc
-448 tgcctggagttgcgttccaggcgtccggcccctgggccgtcaccgcggggcgcccgcgctgagggtgggaagatggtggtgggggtgggggcgc
-354 acacagggcgggaaagtggcggtaggcgggagggagaggaacgcgggccctgagccgcccgcgcgcgcgcctccctacgggcgcctccgg
-264 cagcccttcccgcgtgcgcagggctcagagccgttccgagatcttggaggtccgggtgggagtgggggtggggtgggggtgggggtgaaggtgg
-170 ggggcgggcgcgctcagggaaggcgggtgcgcgcctgcggggcggagatgggcagggggcggtgcgtgggtcccagtctgcagttaaggg
-80 ggcagggtaggcgctgctcacctctggtgccaaagggcggcgcagcggctgccgagctcggccctggaggcggcgagaacATGgtg
A
B
A, Partial sequence of the ARF promoter showing the presence of several ATRS sequences
(bold underlined) in the proximal region of the transcription start site. B, Expression of
nuclear EGFR was studied by western blot after subcellular fractionation. Lamin B was used
as a loading control.
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Résultats complémentaires 
 
 Nous avons montré que l’EGFR nucléaire inhibe l’expression des transcrits de 
p14ARF et se fixe directement au niveau de son promoteur en réponse à l’EGF. Cependant 
le(s) mécanisme(s) moléculaire(s) par le(s)quel(s) l’EGFR réprime la transcription de 
ARF dans le noyau reste(nt) à caractériser. 
L’inhibition de la transcription génique fait en général intervenir le recrutement, 
au niveau du promoteur du gène cible, de complexes multi-protéiques appelés 
complexes répresseurs. Ces complexes comprennent notamment un facteur de 
transcription capable de reconnaitre le promoteur à inhiber et des enzymes de 
modification de la chromatine qui vont induire des modifications épigénétiques des 
histones, modulant la structure de la chromatine et permettant le recrutement d’autres 
régulateurs protéiques.  
 Pour approfondir les mécanismes moléculaires impliqués dans l’inhibition de la 
transcription de p14ARF par l’EGFR nous nous sommes tout d’abord intéressés aux 
répresseurs transcriptionnels de ARF déjà décrits dans la littérature.  
 
I- BMI-1 n’est pas impliquée dans l’inhibition transcriptionnelle  de 
ARF par l’EGFRn 
 
 BMI-1 appartient à la famille des protéines polycomb et est connu pour réprimer 
le locus INK4a-ARF en induisant un remodelage de la chromatine (Jacobs 1999a). Nous 
avons neutralisé l’expression de BMI-1 en transfectant des cellules HCC1719 avec des 
siARN spécifiques et nous avons étudié l’expression de ARF après 24 heures de 
traitement à l’EGF. Comme illustré dans la figure 30A, la transfection avec des siARN 
ciblant BMI-1 entraine une nette inhibition de son expression. Cependant dans ces 
conditions nous n’avons pas observé de restauration de l’expression de ARF que ce soit 
au niveau protéique ou transcriptionnel (Figure 30A et B). De plus, l’expression 
transcriptionnelle de p16INK4a n’est pas modifiée en réponse au traitement à l’EGF 
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(Figure 30C). BMI-1 ayant été décrit pour inhiber la transcription du locus INK4a-ARF 
en entier, nos résultats démontrent que BMI-1 n’est pas impliqué dans le contrôle de la 
transcription de ARF en réponse à l’EGF.  
 
 
 
 
Figure 30 - BMI-1 n’est pas impliquée dans l’inhibition transcriptionnelle de ARF 
par l’EGFRn. A/B - Les cellules HCC1719 sont transfectées par un siARN contrôle (MIS) ou un 
siARN ciblant BMI-1 (siBMI-1). Après 48 h de transfection elles sont privées de sérum pendant 
24H puis traitées ou non à l’EGF (50ng/ml) pendant 24H. A - L’expression protéique de BMI-1 et 
de p14ARF a été analysée par western blot. L’actine est utilisée comme contrôle de dépôt. B - 
L’expression transcriptionnelle de ARF a été analysée par RT-qPCR, après normalisation par la 
GAPDH. C - Les cellules HCC1719 sont traitées pendant 24H à l’EGF (50ng/ml). L’expression 
transcriptionnelle de INK4a a été analysée par RT-qPCR, après normalisation par la GAPDH.  
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II- Pokémon ne semble pas impliquée dans l’inhibition 
transcriptionnelle de ARF par l’EGFRn 
 
 Pokémon est un répresseur transcriptionnel spécifique de p14ARF (Maeda 2005). 
Nous avons neutralisé son expression en transfectant des cellules HCC1719 avec des 
siARN spécifiques et nous avons étudié l’expression de ARF par western blot et RT-qPCR 
après 24 heures de traitement à l’EGF. Les résultats obtenus montrent que la diminution 
de l’expression de Pokémon n’empêche pas l’inhibition de l’expression de ARF aux 
niveaux transcriptionnel et protéique (Figures 31A, B et C). Pokémon ne semble donc 
pas impliqué dans le contrôle de la transcription de ARF en réponse à l’EGF. 
 
 
 
 
Figure 31 - Pokémon n’est pas impliquée dans l’inhibition transcriptionnelle de 
ARF par l’EGFRn. Les cellules HCC1719 sont transfectées par un siARN contrôle (MIS) ou un 
siARN ciblant Pokémon (siPokémon), suivi ou non d’une activation à l’EGF (50ng/ml) pendant 
24H. A - L’expression protéique de p14ARF a été analysée par western blot. L’actine est utilisée 
comme contrôle de dépôt. B - L’expression transcriptionnelle de ARF a été analysée par RT-
qPCR, après normalisation par la GAPDH. C - Pour contrôler l’efficacité du siARN, l’expression 
transcriptionnelle de Pokémon a été analysée par RT-qPCR, après normalisation par la GAPDH. 
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III- TBX2 et TBX3 ne semblent pas impliquées dans l’inhibition 
transcriptionnelle de ARF par l’EGFRn 
 
 TBX2 et TBX3 ont aussi été décrits comme des répresseurs spécifiques de 
l’expression de ARF (Jacobs 2000). Nous avons synthétisé des siARN dirigés 
spécifiquement contre TBX2 ou TBX3 et nous avons étudié les conséquences de la 
neutralisation de chacune de ces protéines sur l’inhibition de l’expression de ARF en 
réponse à l’EGF. L’étude de l’expression de TBX2 et TBX3 par RT-qPCR montre que nos 
siARN sont efficaces et inhibent de façon spécifique chaque gène même si l’on constate 
une légère redondance des siARN de TBX2 sur TBX3 (Figure 32C). Cependant là encore 
la neutralisation de TBX2 ou TBX3 n’entraine pas la restauration de l’expression de 
p14ARF que ce soit au niveau protéique (Figure 32A) ou au niveau transcriptionnel 
(Figure 32B). TBX2 et TBX3 ne semblent donc pas impliqués dans le contrôle de la 
transcription de ARF en réponse à l’EGF. 
 
 
 
 
Figure 32 - TBX2 et TBX3 ne sont pas impliquées dans l’inhibition 
transcriptionnelle de ARF par l’EGFRn. Les cellules HCC1719 sont transfectées par un 
siARN contrôle (MIS) ou un siARN ciblant TBX2 (siTBX2) ou TBX3 (siTBX3), suivi ou non d’une 
activation à l’EGF pendant 24H. A - L’expression protéique de p14ARF a été analysée par western 
blot. L’actine est utilisée comme contrôle de dépôt. B - L’expression transcriptionnelle de ARF a 
été analysée par RT-qPCR, après normalisation par la GAPDH. C - Pour contrôler l’efficacité des 
siARN, l’expression transcriptionnelle de TBX2 (haut) et de TBX3 (bas) a été analysée par RT-
qPCR, après normalisation par la GAPDH. 
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IV- P53 : un acteur potentiel ? 
 
Une étude récente a montré que p53 est capable de se lier au promoteur de ARF 
et de réprimer sa transcription (Zeng 2011). Nous avons donc testé la possibilité que 
p53 participe à l’inhibition de l’expression des transcrits de ARF par l’EGFR. Les cellules 
HCC1719 ont été transfectées avec des siARN dirigés contre p53 et l’expression de ARF a 
été étudiée par western blot et RT-qPCR après 24 heures de traitement à l’EGF. La 
neutralisation de p53 a été contrôlée par RT-qPCR (Figure 33C). De façon intéressante, 
nous observons une tendance à la restauration de la transcription de ARF lorsque l’on 
inhibe l’expression de p53 (Figure 33B). Des expériences complémentaires sont donc 
nécessaires pour évaluer le rôle de p53 dans la répression transcriptionnelle de ARF par 
l’EGFR. 
 
 
 
 
Figure 33 - P53 pourrait jouer un rôle dans l’inhibition transcriptionnelle de ARF 
par l’EGFRn. Les cellules HCC1719 sont transfectées par un siARN contrôle (MIS) ou un siARN 
ciblant p53 (siP53), suivi ou non d’une activation à l’EGF (50ng/ml) pendant 24H. A - 
L’expression protéique de p14ARF a été analysée par western blot. L’actine est utilisée comme 
contrôle de dépôt. B - L’expression transcriptionnelle de ARF a été analysée par RT-qPCR, après 
normalisation par la GAPDH. C - Pour contrôler l’efficacité du siARN, l’expression 
transcriptionnelle de p53 a été analysée par RT-qPCR, après normalisation par la GAPDH. 
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V- E2F3b, un autre acteur potentiel ? 
 
E2F3b a aussi été décrit comme un répresseur spécifique de ARF. Nous avons 
donc étudié les conséquences de sa neutralisation sur l’expression de p14ARF après 
stimulation des cellules à l’EGF. La séquence de l’ARNm de E2F3b est en totalité 
similaire à une partie de la séquence de E2F3a, un activateur transcriptionnel de ARF 
(Aslanian 2004). L’étude de l’inhibition de E2F3b s’est donc faite par soustraction. Nous 
avons utilisé deux siARN, l’un ciblant spécifiquement E2F3a et l’autre commun à E2F3a 
et E2F3b (Figure 34A). La neutralisation de l’expression de E2F3a +/- E2F3b a été 
contrôlée par RT-qPCR après 72H de transfection (Figure 34D). L’expression protéique 
de p14ARF a été analysée par western blot et son expression transcriptionnelle par RT-
qPCR (Figure 34B et C). De façon intéressante, nos résultats préliminaires montrent une 
légère restauration de l’expression de ARF après la double neutralisation de E2F3a/b 
qui n’est pas observée lorsque l’on inhibe seulement E2F3a. Ces résultats suggèrent que 
E2F3b pourrait jouer un rôle dans l’inhibition de ARF par l’EGFR. Des expériences 
supplémentaires sont nécessaires pour confirmer cette première impression. 
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Figure 34 – Rôle de E2F3b dans l’inhibition transcriptionnelle de ARF par l’EGFRn.  
A - E2F3a et b sont deux isoformes, E2F3b étant une forme tronquée de E2F3a. α3a représente la 
localisation du siARN ciblant E2F3a et α3a+b représente la localisation du siARN ciblant 
E2F3a+b (Aslanian 2004). B/C/D - Les cellules HCC1719 sont transfectées par un siARN contrôle 
(MIS) ou un siARN ciblant E2F3a (siE2F3a) ou E2F3a+b (siE2F3a+b), suivi ou non d’une 
activation à l’EGF (50ng/ml) pendant 24H. B - L’expression protéique de p14ARF a été analysée 
par western blot. L’actine est utilisée comme contrôle de dépôt. C - L’expression 
transcriptionnelle de ARF a été analysée par RT-qPCR, après normalisation par la GAPDH. D - 
Pour contrôler l’efficacité des siARN, l’expression transcriptionnelle de E2F3a (haut) et de 
E2F3a+b (bas) a été analysée par RT-qPCR, après normalisation par la GAPDH. 
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VI- Les co-régulateurs transcriptionnels connus de EGFR ne semblent 
pas impliqués 
 
 L’EGFR ne possède pas de domaine de liaison à l’ADN et ne peut donc agir qu’en 
tant que co-régulateur transcriptionnel (Lin 2001). Les travaux de la littérature 
indiquent que, dans le noyau, l’EGFR coopère avec STAT3, STAT5 et E2F1 pour activer la 
transcription génique.  
Nous avons étudié si ces facteurs de transcription pouvaient aussi être impliqués dans 
des complexes répresseurs de la transcription de ARF en réponse à l’EGF. L’expression 
de STAT3, STAT5 et E2F1 a été inhibée par des siARN spécifiques dans des cellules 
HCC1719 stimulées ou non par l’EGF. L’efficacité de la neutralisation et ses 
conséquences sur l’expression de ARF ont été analysées par western blot. Les résultats 
obtenus montrent la persistance de l’inhibition de l’expression de p14ARF en réponse à 
l’EGF lorsque l’expression de STAT3, STAT5 ou E2F1 est réprimée (Figure 35). Ces 
facteurs de transcription ne semblent donc pas impliqués dans la répression 
transcriptionnelle de ARF par l’EGFR nucléaire. 
 
 
 
 
Figure 35 - Les co-régulateurs transcriptionnels connus de l’EGFRn ne semblent 
pas impliqués dans la répression de l’expression de ARF. Les cellules HCC1719 sont 
transfectées par un siARN contrôle (MIS) ou un siARN ciblant A - STAT3 (siSTAT3), B - STAT5 
(siSTAT5) et C - E2F1 (siE2F1) puis activées ou non à l’EGF (50ng/ml) pendant 24H. 
L’expression protéique de p14ARF a été analysée par western blot. L’actine est utilisée comme 
contrôle de dépôt. Pour contrôler l’efficacité des siARN, les expressions protéiques de A - STAT3, 
B - STAT5 et C -  E2F1 ont été analysées par western blot. 
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VII- Rôle des HDACs 
 
 L’acétylation des histones joue un rôle clé dans le contrôle de la transcription 
génique et est souvent associée à sa stimulation. Elle est régulée par deux types 
d’enzymes à activités antagonistes, les histones acétyltransférases (HATs) qui 
permettent l’acétylation des histones et les histones déacétylases (HDACs) qui les 
déacétylent. La déacétylation des histones corrèle avec une répression de la 
transcription, à ce titre, les HDACs sont présentent dans de nombreux complexes 
répresseurs de la chromatine mais ne semblent pas montrer de spécificité particulière 
pour tel ou tel gène. Nous avons étudié l’expression de p14ARF en réponse à l’EGF dans 
des cellules qui avaient été pré-traitées par deux inhibiteurs de HDACs (HDCAi), la 
Trichostatine A (TSA) ou le Sodium Butyrate (NaBu). L’efficacité de ces inhibiteurs a été 
vérifiée en étudiant le statut acétylé de la tubuline ou l’expression de la protéine p21 qui 
est plus élevée lorsque le promoteur est acétylé (Figure 36C). Nos résultats 
préliminaires ne montrent plus d’inhibition de l’expression de la protéine et des ARNm 
de p14ARF en réponse à l’EGF en présence des HDACi (Figure 36A et B). Ceci suggère, 
comme attendu, une implication des HDACs dans la répression transcriptionnelle de 
ARF par l’EGFR. Cependant, ces résultats doivent être considérés avec précaution car les 
HDACi induisent, de façon surprenante, une importante inhibition de l’expression de 
p14ARF dans les cellules privées de sérum. Des traitements à effets dose et temps 
dépendants avec les inhibiteurs de HDACs sont actuellement en cours pour essayer de 
s’affranchir de cet effet indésirable.  
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Figure 36 – Rôle des HDACs dans l’inhibition transcriptionnelle de ARF par 
l’EGFRn. Les cellules HCC1719 sont pré-traitées par la Trichostatine A (TSA) ou le sodium 
butyrate (NaBu) pendant 30 minutes puis incubées en présence d’EGF pendant 24H. A - 
L’expression protéique de p14ARF a été analysée par western blot. L’actine est utilisée comme 
contrôle de dépôt. B - L’expression transcriptionnelle de ARF a été analysée par RT-qPCR, après 
normalisation par la GAPDH. C - Pour contrôler l’efficacité des traitements, les expressions 
protéiques de la tubuline-α acétylée pour la TSA (haut) et de p21 pour le NaBu (bas) ont été 
analysées par western blot. L’actine est utilisée comme contrôle de dépôt. 
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Matériel & Méthodes 
 
I- Culture cellulaire, transfection de siARN et traitements des cellules 
 
 La lignée cellulaire HCC1719 est issue d’un adénocarcinome bronchique humain 
possédant un EGFR sauvage. Elle est cultivée dans un milieu RPMI-1640 + glutaMAX 
avec 10% de sérum de veau fœtal dans un incubateur humide à 37°C avec 5% de CO2.  
 Les cellules sont transfectées par différents siARN (tableau 4) à l’aide du jet 
prime (Polyplus), pendant 72H. Les siARNs contre TBX2 (sc-38469) et TBX3 (sc-37018) 
proviennent de Santa Cruz. La séquence Mismatched est utilisée comme contrôle négatif. 
 Les cellules sont privées de sérum pendant 24h puis incubées en présence d’EGF 
(50ng/mL) pendant 24H. La Trichostatine A (100ng/mL) et le Sodium Butyrate (1mM) 
sont ajoutés 30 minutes avant le traitement à l’EGF. 
 
   
ARNm ciblé Séquence 
BMI-1 5’-CGU GGA GAC CAG CAA GUA U-3’ 
E2F1 5’-ACA AGG CCC GAU CGA UGU U-3’ 
E2F3a 5’-ACA CUU CCA CCA CCU CCU GUU-3’ 
E2F3a+b 5’-GAU CCA AAG CUG CAC CCU GGA-3’ 
Mismatched 5’-UCG GCU CUU ACG CAU UCA A-3’ 
p53 5’-CAG UCU ACC UCC CGC CAU A-3’ 
Pokémon 5’-GCA GCC AGU ACU UCA AGA A-3’ 
STAT3 5’-GGA GCA GCA CCU UCA GGA U-3’ 
STAT5 5’-GCA GCA GAC CAU CAU CCU G-3’ 
 
Tableau 4 - Séquence des ARN interférents utilisés 
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II- Extraction protéique et Western Blot 
 
 Les cellules sont incubées 30 minutes dans la glace en présence de tampon RIPA 
(50mM Tris-HCl pH7,5, 150mM NaCl, 0,5% Na deoxycholate, 1% NP-40, 0,1% SDS, 
0,02M NaF, 1mM Na3VO4, 1X Cocktail d’inhibiteurs de protéase sans EDTA de chez 
Roche) puis soniquées brièvement. Après centrifugation à 13 500 rpm pendant 
30minutes, les surnageants sont collectés, les protéines dosées et analysées par Western 
Blotting à l’aide des anticorps primaires ci-dessous (tableau 5). 
 
   
Anticorps Dilution Ac Secondaire Fournisseur 
Actine 1/1000 Lapin Cell Signaling 
BMI-1 1/1000 Souris Millipore 
E2F1 1/1000 Lapin Santa Cruz 
p14ARF 1/1000 Souris Cell Signaling 
p21WAF1 1/500 Souris Calbiochem 
STAT3 1/1000 Lapin Cell Signaling 
STAT5 1/1000 Souris Santa cruz 
Tubuline 
α-acétylée 
1/2000 Souris Abcam 
 
Tableau 5 - Anticorps primaires utilisés 
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III- Extraction de l’ARNm et RT-qPCR 
 
 L’ARN messager est extrait à l’aide du kit Roche High Pure RNA isolation. 1µg 
d’ARN est ensuite utilisé pour effectuer la reverse transcription à l’aide du iScript RT 
supermix (Biorad). L’ADNc est ensuite amplifié par qPCR à l’aide du iTaq Universal SYBR 
Green Supermix (Biorad), en utilisant les primers ci-dessous (tableau 6). La GAPDH est 
utilisée en temps que gène de ménage. L’expression relative des gènes est calculée pour 
chaque échantillon par le ratio entre le nombre de copie de l’ADNc cible et le nombre de 
copie de l’ADNc de la GAPDH correspondant. 
 
 
ARNm ciblé Séquences 
E2F3a           
S                     TCT GGA GCA GTA CCT GGT GA 
AS                 AAC AGG AGG TGG TGG AAG TG 
E2F3a+b      
S                    TGA ACA AGG CAG CAG AAG TG 
AS                  TTT GAC AGG CCT TGA CAC TG 
GAPDH        
S                     CGA GAT CCC TCC AAA ATC AA 
AS                  ATC CAC AGT CTT CTG GGT GG 
p14ARF              
S                            GCG CAG GTT CTT GGT GAC 
AS                   GGC TCC TCA GTA GCA TCA GC 
p16INK4a            
S                            GAG CAG CAT GGA GCC TCC 
AS                   GGC CTC CGA CCG TAA CTA TT 
p53              
S                    GAA GAC AGA AAA GGG GAG GG 
AS                 AAG GGG TAT GAG GGA CAA GG 
Pokémon      
S               GAA GCC CTA CGA GTG CAA CAT C 
AS      GTG GTT CTT CAG GTC GTA GTT GTG 
TBX2           
S                     GGG ACC AGT TCC ACA AGC TA 
AS                  GTG GAT GTA CAT GCG TTT GG 
TBX3           
S                      CCC CTT CCT CAA TCT GAA CA 
AS                 GAC ATG GAG CTG GAG GAG AG 
 
Tableau 6 - Séquences nucléotidiques utilisées pour les études par qPCR 
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Discussion 
 
 L’activation de l’EGFR constitue un des processus clés du développement des 
cancers broncho-pulmonaires. En effet, ce récepteur est actuellement considéré comme 
un important « driver oncogene » dans ces tumeurs. L’expression du suppresseur de 
tumeur p14ARF est aussi fréquemment altérée dans les cancers du poumon et 
notamment dans les adénocarcinomes pulmonaires qui présentent une mutation 
activatrice de l’EGFR. En effet, 80% de ces cancers montrent une forte inhibition de 
l’expression de p14ARF (Mounawar 2007). Au cours de ce travail nous avons identifié un 
lien fonctionnel entre l’EGFR et ARF susceptible d’expliquer leur activation/inactivation 
simultanée. En effet, nous montrons que l’expression transitoire de p14ARF inhibe la 
prolifération de cellules d’adénocarcinome pulmonaire exprimant un mutant L858R de 
l’EGFR en activant une signalisation pro-apoptotique dépendante de STAT3 (Ozenne 
2013). De plus, nous montrons qu’en retour l’EGFR inhibe l’expression de p14ARF à un 
niveau transcriptionnel s’opposant ainsi à ses propriétés pro-apoptotiques. Nous 
démontrons enfin qu’une translocation nucléaire de l’EGFR régulée par les PI3Ks de 
classe III est impliquée dans cette répression. 
 Ces résultats mettent en évidence un nouveau mécanisme de progression 
tumorale par lequel une signalisation originale de l’EGFR dans le noyau réprime 
l’expression du suppresseur de tumeur p14ARF pour induire la survie cellulaire. 
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I- Les PI3Ks de classe III : un rôle dans le transport nucléaire de 
l’EGFR. 
 
 L’activation de l’EGFR par ses ligands stimule différentes voies de signalisation 
impliquées dans la prolifération et la migration cellulaire, la résistance à l’apoptose ainsi 
que dans différents aspects du développement. Très rapidement et pour contrôler ces 
signaux, l’EGFR activé est endocyté puis adressé au lysosome pour être dégradé ou 
recyclé à la membrane. Après son endocytose, l’EGFR peut également être redirigé vers 
d’autres compartiments cellulaires et notamment le noyau d’où il va activer des 
signalisations de prolifération et de survie cellulaire distinctes de celles émises à partir 
de la membrane plasmique. Cette translocation nucléaire fait appel à un mécanisme 
appelé transport rétrograde conduisant l’EGFR endocyté de l’appareil de Golgi jusqu’au 
réticulum endoplasmique puis à la membrane externe du noyau. Via son interaction 
avec l’Importine β1 et la nucléoporine, l’EGFR traverse alors le pore nucléaire et 
interagit au niveau de la membrane interne du noyau avec le translocon sec61β qui 
l’extrait de la bi-couche lipidique membranaire et le relargue dans le nucléoplasme 
(Wang 2010c). 
 Dans ce travail, nous avons montré que l’inhibition pharmacologique des PI3Ks 
prévient la translocation nucléaire de l’EGFR en réponse à ses ligands et restaure 
l’expression de ARF. Plus spécifiquement, nos résultats impliquent l’unique membre de 
la classe III des PI3Ks, Vps34, dans ce mécanisme. Vps34 est l’unité catalytique d’un 
complexe protéique qui comprend une protéine kinase nommée Vps15. Vps15 est 
décrite comme la sous-unité régulatrice du complexe Vps34 cependant son rôle exact 
dans la régulation de Vps34 n’a pas encore été identifié (Backer 2008). Le complexe 
Vps34/Vps15 peut être recruté au niveau des membranes intracellulaires par des 
petites GTPases telles que Rab5 ou Rab7, permettant à Vps34 de produire du 
Phosphatidyl-inositol 3-phosphate (PI[3]P) à partir de Phosphatidyl-inositol (PI). Le 
PI[3]P agit ensuite comme une molécule de signalisation et recrute différentes protéines 
essentiellement impliquées dans le trafic vésiculaire tel que le recyclage ou la 
dégradation des RTK, l’autophagie ou encore le transport rétrograde (Abrahamsen 
2012). Ce dernier a été décrit comme permettant le transport de différents récepteurs 
membranaires (récepteurs du mannose 6-phosphate, récepteurs de la famille HER...) de 
la membrane plasmique au noyau. Nous montrons ici que la neutralisation de 
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l’expression de Vps34 prévient la translocation nucléaire de l’EGFR en réponse à ses 
ligands. Ces résultats identifient donc pour la première fois un lien direct entre Vps34 et 
le transport rétrograde de l’EGFR. 
 PIKfyve est une PI[3]P 5-kinase qui phosphoryle le PI[3]P en Phosphatidyl-
inositol 3,5-biphosphate (PI(3,5)P2) permettant le recrutement de multiples effecteurs 
impliqués notamment dans le trafic vésiculaire. Il a en effet été mis en évidence que 
PIKfyve facilite la fusion des endosomes précoces en corps multivésiculaires (Michell 
2006). Il a également été montré dans les cellules HeLa qu’elle régule le trafic rétrograde 
des endosomes précoces au TGN (Trans-Golgi network) (Rutherford  2006). De façon 
intéressante, PIKfyve a été identifié comme un composant essentiel du trafic nucléaire 
de l’EGFR et de la signalisation qui en découle en réponse au HB-EGF dans des lignées de 
cancer de la vessie (Kim 2007). Il est donc tentant de spéculer que PIKfyve joue aussi un 
rôle dans le transport nucléaire de l’EGFR en réponse à l’EGF dans nos modèles 
cellulaires de cancer du poumon via son recrutement par Vps34 et la formation de 
PI(3)P (Figure 37). Cette hypothèse est actuellement testée au laboratoire. 
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Figure 37 - Modèle du mécanisme de translocation nucléaire de l’EGFR en réponse 
à l’EGF. Après activation par l’EGF, l’EGFR est rapidement internalisé dans des endosomes 
précoces. Ces endosomes sont ensuite soumis à un trafic vésiculaire dépendant du complexe 
Vps34/Vps15. L’EGFR peut soit être dirigé vers les corps multivésiculaires puis le lysosome pour 
y être dégradé, soit être renvoyé à la membrane plasmique via des endosomes de recyclage. Il 
peut également subir un transport rétrograde du Golgi au réticulum endoplasmique (RE) puis 
au noyau où il va être libéré. Ce transport rétrograde implique Vps34 qui pourrait recruter 
PIKfyve, une kinase qui a déjà été impliquée dans le transport rétrograde de l’EGFR. 
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II- P14ARF : une nouvelle cible transcriptionnelle de l’EGFR nucléaire. 
 
 Nous montrons que l’EGFR s’accumule sur le promoteur de ARF en réponse à 
l’EGF et inhibe sa transcription. De plus, lorsque nous bloquons le trafic nucléaire de 
l’EGFR avec la Brefeldine A ou avec des siARN anti-Importine β1 ou lorsque nous 
inhibons les PI3Ks de classe III avec la Wortmannin ou avec des siARN anti-Vps34 nous 
restaurons l’expression des transcrits de ARF. Ces résultats indiquent donc qu’une 
signalisation nucléaire de l’EGFR est impliquée dans la répression transcriptionnelle de 
ARF. 
 Une fonction importante de l’EGFR nucléaire est sa capacité à activer la 
transcription génique en agissant comme co-régulateur transcriptionnel. En effet, l’EGFR 
ne possède pas de domaine de liaison à l’ADN et a besoin de se complexer à une autre 
protéine pouvant lier la chromatine. La première cible transcriptionnelle de l’EGFR à 
avoir été décrite est la Cycline D1 (Lin 2001), impliquant l’EGFR nucléaire dans la 
prolifération cellulaire. D’autres cibles ont par la suite été identifiées. Par exemple, le 
complexe EGFR/E2F1 contrôle le cycle cellulaire en activant l’expression de B-MYB 
(Hanada 2006) et l’association de l’EGFRn avec STAT3 active l’expression d’iNOS 
(inducible nitric oxide synthase), une enzyme importante connue notamment pour 
stimuler l’angiogenèse et la formation de métastases (Lo 2005). Dans ce travail, nous 
montrons que l’EGFR nucléaire peut aussi avoir une fonction de répression de la 
transcription et nous identifions ARF comme une nouvelle cible de l’EGFR dans un 
contexte de survie cellulaire.  
 Nos expériences d’immunoprécipitation de la chromatine mettent en évidence 
une accumulation de l’EGFR sur le promoteur de ARF en réponse à l’EGF. Nous nous 
sommes donc demandés si l’EGFR nucléaire pouvait recruter un répresseur de ARF. 
Dans la littérature différents répresseurs transcriptionnels du gène ARF ont été décrits. 
Ils peuvent être divisés en deux grands groupes : ceux qui ciblent le locus INK4-ARF en 
entier et ceux qui ciblent de façon spécifique le promoteur de ARF. Les répresseurs du 
locus entier sont essentiellement représentés par la famille des protéines Polycomb 
(PcG) qui forment différents complexes répresseurs (PCR) qui se positionnent au niveau 
du locus et remodèlent la chromatine. La protéine BMI1 est une des PcGs dont l’activité 
répressive envers le locus INK4-ARF a été la mieux étudiée (Jacobs 1999a). De plus, 
différents travaux ont montré que la surexpression de BMI1 contribue au 
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développement des tumeurs pulmonaires (Dovey 2008, Vonlanthen 2001, Meng 2012) 
et que l’expression de BMI1 est augmentée en réponse à l’activation de l’EGFR par ses 
ligands dans des cancers de la tête et du cou (Abhold 2012). Ces données nous ont 
conduits à étudier le rôle de BMI1 dans l’inhibition de la transcription de ARF en 
réponse à l’EGF. A l’aide de siARN nous avons donc inhibé l’expression de BMI1 mais 
nous n’avons observé aucun effet sur la répression transcriptionnelle de ARF en réponse 
à l’EGF indiquant que BMI1 n’est pas impliqué dans ce mécanisme. De plus, nous avons 
observé que l’expression transcriptionnelle de p16INK4a ne varie pas en réponse à l’EGF 
suggérant que l’EGFR cible de façon spécifique l’expression de ARF. 
Les répresseurs spécifiques de ARF ont été moins bien étudiés que les PcGs. Les 
mieux décrits à l’heure actuelle sont les protéines Pokémon (Maeda 2005), TBX2 et 3 
(Jacobs 2000), E2F3b (Aslanian 2004) et p53 (Zeng 2011). Il a été montré que 
l’expression de Pokémon est un facteur de mauvais pronostique dans les cancers du 
poumon (Zhao 2008). De plus son expression est augmentée en réponse à l’EGF dans des 
modèles cellulaires de cancer de la prostate (Aggarval 2011). A l’aide de siARN nous 
avons neutralisé l’expression de Pokémon mais nous n’avons observé aucun effet sur la 
répression transcriptionnelle de ARF en réponse à l’EGF. De même, l’inhibition de 
l’expression de TBX2 et 3 n’a pas non plus montré d’effet sur l’expression de p14ARF dans 
nos modèles cellulaires. Par contre, nos résultats préliminaires montrent que la 
neutralisation de p53 et de E2F3b restaure en partie l’expression de ARF identifiant ces 
protéines comme des acteurs potentiels de l’activité répressive de l’EGFR envers ARF 
(Figure 38). Ces résultats sont bien sûr à confirmer notamment en utilisant d’autres 
siARN spécifiques de p53 ou de E2F3b afin d’améliorer leur neutralisation. Selon les 
résultats obtenus, des expériences de ChIP on ChIP pourront être réalisées pour vérifier 
la présence sur le promoteur de ARF d’un complexe avec l’EGFR. Si nous ne confirmons 
pas ces résultats, une méthode plus globale telle qu’une analyse protéomique des 
facteurs interagissant avec l’EGFR nucléaire avant et après activation à l’EGF pourrait 
nous donner de nombreuses pistes. 
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 Dans la plupart des cas, les répresseurs spécifiques de ARF induisent le 
recrutement d’un complexe répresseur contenant des HDACs. En utilisant la 
Trichostatine A (TSA) et le Sodium butyrate (NaBu), deux inhibiteurs de HDACs, nous 
observons une restauration de l’expression de ARF. Cependant ses traitements à eux 
seuls induisent une importante inhibition de l’expression de ARF en l’absence d’EGF. Des 
mises au point et expériences complémentaires sont donc nécessaires pour confirmer 
ces données préliminaires. Selon les résultats obtenus il serait également intéressant 
d’identifier les HDACs recrutées dans le complexe répresseur activé par l’EGF en 
neutralisant par exemple leur expression à l’aide de siARN. 
 
 
 
 
Figure 38 - Modèle de la répression transcriptionnelle de ARF par le complexe 
EGFR. L’activation de l’EGFR par ses ligands induit son recrutement sur le promoteur de ARF. 
Nos résultats préliminaires suggèrent que l’EGFR pourrait recruter p53 ou E2F3b et/ou des 
HDACs au sein d’un complexe répresseur de la transcription afin de contrôler l’expression de 
ARF. 
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III- L’activation de la voie EGFRn/ARF : un nouveau mécanisme de 
progression tumorale dans les cancers du poumon. 
 
 Nous avions montré que l’inhibition de l’expression de p14ARF est fréquemment 
retrouvée dans les adénocarcinomes pulmonaires exprimant un EGFR muté (Mounawar 
2007). Sur la base de ces résultats, nous avions émis l’hypothèse que la diminution de 
l’expression de p14ARF contribuerait à l’expansion clonale des cellules exprimant un 
mutant activateur de l’EGFR. Dans ce travail nous identifions un mécanisme moléculaire 
en accord avec cette hypothèse. Nous montrons en effet que l’expression transitoire de 
p14ARF inhibe la croissance de cellules d’adénocarcinome pulmonaire exprimant un 
mutant L858R de l’EGFR en activant une signalisation pro-apoptotique dépendante de 
STAT3. Nous montrons aussi qu’en retour une signalisation originale de l’EGFR dans le 
noyau inhibe la transcription de ARF et s’oppose à ses fonctions pro-apoptotiques. 
Cependant, et compte tenu de la multiplicité des fonctions cellulaires de p14ARF 
(activation de la voie p53, réponse aux dommages à l’ADN, maturation des ARNr, 
stabilité du génome...), il est tentant de spéculer que les conséquences biologiques du 
contrôle de ARF par l’EGFR nucléaire ne se limitent pas à un contrôle de l’apoptose mais 
pourrait affecter ses fonctions de suppresseur de tumeur en général selon le type 
cellulaire et le stress subit. Récemment, une étude a associé l’expression nucléaire de 
l’EGFR à la prolifération et à l’agressivité des tumeurs pulmonaires (Traynor 2013). 
Dans ce contexte, nos résultats fournissent une explication moléculaire à l’effet 
biologique de l’expression nucléaire de l’EGFR dans ces cancers et suggèrent que 
l’activation de la signalisation Vps34/EGFRn/ARF est un nouveau mécanisme de 
progression tumorale (Figure 39). Pour confirmer cette hypothèse, une étude du profil 
d’expression de ces différentes protéines sur des échantillons tumoraux humains serait 
un atout précieux. A l’heure actuelle il n’existe pas d’outils pour étudier le statut de 
Vps34 tel qu’un anticorps. Ceci explique probablement le fait que l’expression de Vps34 
n’ait jamais été étudiée dans les tumeurs. Nous avons entrepris une analyse de 
l’expression nucléaire de l’EGFR par Immuno-histochimie dans des tumeurs 
pulmonaires humaines. Malheureusement, nous n’avons pas encore trouvé les 
conditions expérimentales adéquates, malgré l’utilisation de différents anticorps dont 
celui utilisé dans le travail de Traynor et al. 
 
 
116 
 
 Par ailleurs, nous montrons dans ce travail que la signalisation 
Vps34/EGFRn/ARF contribue à la croissance de modèles cellulaires de tumeurs 
pulmonaires exprimant une forme sauvage ou mutée de l’EGFR. De façon intéressante, 
une étude a récemment mis en évidence que l’expression nucléaire de l’EGFR sauvage 
est un mécanisme de résistance au Cétuximab, un anticorps anti-EGFR actuellement en 
phase d’essai clinique dans les CBNPCs (Li 2009). Il est donc tentant de spéculer qu’un 
trafic anormal de l’EGFR dans le noyau pourrait aussi contribuer à la résistance aux 
EGFR-TKIs des tumeurs pulmonaires exprimant un mutant de l’EGFR. Dans les cancers 
du sein, ceci a déjà été décrit (Huang 2011) et les résultats préliminaires obtenus au 
laboratoire sont également en faveur d’une telle hypothèse dans les cancers du poumon.  
 
 
 
 
Figure 39 - Implication de la voie Vps34/EGFR/ARF dans la progression tumorale. 
En réponse à ses ligands, l’EGFR active à partir de la membrane plasmique un réseau de 
signalisation stimulant la prolifération et la survie cellulaire. L’EGFR activé peut aussi être 
transloqué dans le noyau par un transport rétrograde impliquant la PI3K de classe III Vps34 et 
potentiellement la protéine de signalisation PIKfyve. Dans le noyau, l’EGFR recrute un complexe 
répresseur qui pourrait faire intervenir des HDACs et les facteurs de transcription p53 ou E2F3b 
afin d’inhiber la transcription de ARF et stimuler la survie cellulaire.  
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